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(54) Title: AN ELECmiC MOTOR 

(57) Abstract 

An electromagnetic rotary actua- 
tor is driven by a single-phase voltage. 
Peimanent magnets on a rotor interact 
over a part-<;ylindrical small airgap with 
a soft-iron stater having pole teeth which 
carry at least one winding (906a, 906b; 
907a, 907b; 908a, 908b) for rotating the 
rotor within a limited angular range, the 
airgap having a high flux density. The 
windings arc applied around those of the 
pole teeth which are centrally located. 
The pemianent magnets and stator poles 
have Oie same angular pitch. Hie actua- 
tor is compact having a low total length 
and has a high output power/loss ratio 
and allows a fast response. It can be 
built with a low thermal resistance to an 
enclosure or casing by having the coils 
being in direct mechanical contact there- 
with. 
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AN ELECTRIC MOTOR 

TECHNICAL FIELD 

The invention is concerned with electric motors having a very limited rotation, for 
example in the range of about ±12^. Such motors are sometimes called galvanometers or 
rotary actuators, 

BACKGROUND 

The dominatmg use of rotary actuators is in moving magnetic heads to a requested 
track in a hard disc drive. Most such actuators use voice coil motors. Voice coil motors are 
for example used in the disc drive systems described in U.S. patents 5,329,267, 5,448,437, 
5,459,362, 5,537,270 5,608,592, 5,621,591, 5,654,848 5,675,455, 5,694,272, 5!698,'911,' 
5,883,761 and 5,914,836. 

However, rotary actuators based on other principles than a voice coil have also been 
disclosed. Thus, the published Japanese patent application 61-154471 for Matsushita, 
inventor Yukihiro Ashizaki, discloses a disc head rotary actuator having six wound stator 
poles arranged m two sets of three poles. The three poles in a pole set are each driven by 
one of three currents 120'' out of phase with each other. The stator seems to cover a 
mechanical sector of about 45*". The rotor seems to have several permanent magnet poles. 
The published Japanese patent application 61-124254 for Matsushita, inventor Hiroaki 
Taame, discloses a disc head rotary actuator having three wound rotor poles connected to 
different phases. The stator seems to cover a mechanical sector of about 45 and seems to 
have several permanent magnet poles. 

U.S. patent 4,968,909 for Rand H. Hulsing, II discloses an actuator having two 
wound stator pole pairs in the centre and a soft magnetic rotor that can be attracted to either 
of the stator pole pairs. The motor is fully symmetric around the rotor shaft. There are three 
separate windings and no permanent magnets. In U.S. 5,270,594 for the same inventor a 
similar basic design is disclosed. 

U.S. patent 5,025,201 for Alexander Berger discloses a resolver having a ± W range 
and a stator covering a sector of some 90°. There are no permanent magnets. As is normal 
for a resolver, there are two static and one moving phase winding, and the magnetic 
coupling between the moving and the static windings depends on the position of the rotor. 

U.iS. patent 5,038,062 for Manabu Shiraki discloses what can be described as an 
inverted voice coil arrangement. In the conventional voice coil arrangement a rotor having 
one or two flat coils located in the same plane moves in an air gap with an axial magnet 
field generated by two stator magnet sets. The magnets face a smooth back iron over a 
radial air gap that is approximately of the same length in the direction of flux as are the 
permanent magnets and the single or dual rotor coil(s) move in this air gap. The magnet sets 
are parallel to the rotor movement plane. Instead, in U.S. patent 5,038,062 a rotor with one 
magnet moves between two stator flat coil pairs parallel to the rotor movement plane. The 
rotor magnet causes an axial flux in the air gap, and the flat coils are inserted in this air 
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" Tte P»bUsW P""" ^>ahoc»>b.d.«rlM^-.i"v=™''«' 

M.e■a. a ^.gn o, , rcry ^^"^ « air gap flux . radial. 

coU arrangsm^- The are - " t« of *ese are ■.o»...e<l 
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c<«c. With each «.« .«i c«. he ,ep^»l ^ ^ aiac voice coi. r^. 
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rwo coils are .tatK ^ '"^^'^■""-'^ ^ " " ■ ' 

-opeanpate^^^U^-O tr^^^^ ... a 

' The pohlish^. Germ., patent fj^^ carrying pennanen. ntagne. 

Takasbi Uhida .. al-. discloses a "^'^ '^^^^ .»o iroaless coils are 

,. cteating a flux in the radial '^'°'^J^Jl„„ „„„-magnetic stn«ure (for example 
a^^ged. The coila are eid»r inserted in slo» in a «^ ^ 

^ ot a thermoplastic) or wotmd h, o^an ^ ^ ^ ^ 
coil fMUte. AH coils ate conneced .o .he sam 

^ fl« Shalt and covets a 360" see»r. ^ ^ ^ teving one 

„ U.S. patent 5.557.152 for Raymond 0. <^ ^ car.^ one 

" 0, two coi. in the sta^r. Bt* coUs are * 7J The rotot also carries the 

„ ^ permanent ma^ts a... » *^Xing>e phase desigt. descried ahove 

^ iron .etmired by these -S""^^"^^^ t^,, permeahle material, and the s»™ c* 

are stater poles made of a ^^^^Z. "ses a ve„ large air gap (ahoo. 2.5 

„ a,, placed atonnd d»s. sm.or ^^^^ is inherent in d« destgn. 
mn) to reduce the odonme enormons coggmg 

„ ^"hicct Of the .v.«>on is to pro., a compact acmator us^ fee*- and 

having a lov. total length. having a high flux density m 

Uher obiect of the invention - to ^ov.^J - .^^^^^ 
the air gap. Assuming that all other factors are equal, hi. 

efficiency. . . ,^ actuator having an air gap that does 

» MO- can he much thinner, .us pemutting a 

not contain any windmg. An air s«ip 

higher air gap flux density. „„vide an actuator that combines a thin air gap 

Another object of the invention .s to prov.de an 

with a very low cogging torque. 
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Another object of the invention is to provide an actuator comprising both a low 
inductance and a high motor constant and thus permitting a fast response. 

Another object of the invention is to provide an actuator having both a low inductance 
and a high motor constant and thus permitting a fast response so that a low exciting voltage 
can create a fast current change resulting in a fast change of torque. 

Another object of the invention is to provide an actuator system having both a low 
resistance, to permit low losses, and a short time constant, to permit a fast response. 

Another object of the invention is to provide an efficient and compact actuator having 
a smgle phase winding and thus having a reduced required current bandwidth. 

A single phase motor can in principle make a fiill step move with a single period of 
current change (as shown for example in conjunction with the discussion of Figs. 13a - 13e 
below) » whereas a polyphase motor requires several periods (the motor shown in the cited 
Japanese application 61-124254 seems to require some 10 fiill periods for a full range step). 
A smgle phase motor can therefore perform faster and achieve more precisely controlled 
movements for a given inductance and excitation voltage. 

Thus, generally an electromagnetic rotary actuator is driven or controlled by a single 
voltage. The actuator comprises a rotor which can move about an axis and which has a 
permanent magnet or permanent magnets comprising at least two pairs of radially located 
north-south poles. The actuator further comprises a stator having pole teeth carrying at least 
one winding,, the pole teedi preferably have the same angular pitch as the pairs of north- 
soudi poles of the permanent magnet(s). An airgap is formed between facing surfaces of the 
permanent magnets and of the pole teeth, these facing surfaces bemg located close to each 
other to create a small airgap, which can be smaller than 0.5 mm and preferably smaller 
than 0.3 mm. The permanent magnets are arranged, so that the magnetic flux lines derived 
therefrom extend in the airgap substantially in a radial direction from or towards the axis. 
The airgap has a shape substantially corresponding to part of a cylindrical shell. The stator 
is made of a magnetically permeable material, in particular a soft-iron material, and always 
has at least three pole teeth. The at least one winding is applied around a central one of the 
pole teeth. 

The actuator can comprise only three pole teeth and then the pole teeth can be 
arranged within an angle, taken from the axis, of at most somewhat more than a third of a 
full turn, in particular widiin an angle smaller than 140** or preferably smaller than 130"*. In 
the case where the actuator comprises only five pole teeth the pole teeth can be arranged 
within an angle of at most somewhat more tfian half a full turn, in particular within an angle 
smaller than 225 ^ 

Furthermore, the actuator can have other favourable dimensions. Thus, a first angular 
sector between the two outmost ends of the stator pole parts which face the air gap can be 
substantially equal or advantageously wider than die sum of the angular range of the rotor 
movement, i.e. the peak to peak movement of the rotor, and the angular sector between the 
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between the mo ends of a siato, pole pan facing the atr gap can be longer ttan 

movement of the ,^ and the angular secor fr,>m an e.^ of dte r«™ 
l:^: pl pan facing ihe air gap a.. nearest ^ of fl« adjacent rc«,r ougne. pole 

' ^ l^ttZu, part^^lii-Hcal .rf^ce of at leas, ot. si^r ^le pan such as .he 
c^,^ »*i=h 1^ *e rotor magnet pole pans to create .he atr gap can have 

pan^^Undrica, s^ce. .o ,e<^ cogghtg .on^ "T^^.. a*. 
Each of the sutor poles carrying winding coils can have a reduced hetgb. tn the a«,J 
direcu^at puces o, Js«»>r pole where the winding coll is located, thereh, penrttntnga. 
„X of t^e s<a«>r pole locaBd a. the a.rgap and at a radially tnner surface of *e ^ 
r» t longer in Z axial direction than a panion of sutor pole located ntstde the s.«r 
!tetirdirr-^is special design of the staror poies can also he used ,n many o*« 
„ ^lI^TulecnJgnetic r«ar, machines such as conrrollable polype 



motors. 



An electronic circuit suitable for driving a single phase mtary aerator such as ^ 
the described hereto but also od«r devices of similar Icinds, Pa™'*"^ — 
Ug electric time c^. is U»n connects! to a wmdtng or J^*' 
„ ^tlor andls resistance changtog "-.^''.-^l.^wLIgTn ! 
Tntre^r trir^^ai:^'" andT":: .he Jsta^e in 
rlTacmatorwh^ord^seriesresis^eof™^^^ 

. ttrs— rrSe^g'^rTyirr^a^rmW 

^g'and I second bridge leg comtected e,r»,gh a resistor <o '^^^^^ 
actua^r coU. Ahen^dvely. d» reslsta,«e changing tneans c«> ^^^^ 
the impedance or resistance of a resistor of the OT» tovtng controllable resutumces 

„ """^iional Objects and advanuges of dte invent., w-l be ». fonh m ^ 
which follows and in pan will be obvious from the descnpuon. or may be learned 

ilntion The objects and advantage, of the invention may be real^d »^ 
'^l, me^tsof the methods, processes, mstr^nentalities aM combmanons pantcularly 

pointed out in the appended claims. 

RRIFF DESCRIPTION OF THE DRAWINGS 

^t^^v^l feamres of d,e invention are set fonh with panicularly in the ap^nW 
elalmsT otplete »..ers.,ding ot *e inv«nion. both as to org».i^tton and con«nt^™i 
above aL other feamre, thereof may be gained from «»i the m««.on «.U b^^ b^^r 
a^^ciated from a consideration of the following detailed desc„pt.>n of no.hm.„ng 
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embodiments presented hereinbeiow with reference to the accompanying drawings, in which: 

- Fig. 1 is a schematic axial view of an electric rotary actuator having three stator poles, 
only . one of which carries a winding, and an incremental encoder. 

- Fig. 2 is a view similar to that of Fig. 1 of an electric rotary actuator having five stator 
5 poles carrying windings, an analog tachometer and an incremental encoder, 

- Fig. 3 is a schematic axial view of a hard disc drive head acniator having five stator poles 
only three of which carrying winding, 

- Fig. 4 is a view similar to that of Fig. 3 of a hard disc drive head actuator having three 
stator poles which all carry windings, 

10 - Fig. 5a is a fragmentary view of only the actuator of Fig. 4, 

- Fig. 5b is a sectional view taken along the Ime A-A of Fig. 5a, 

- Fig. 6a is a fragmentary view similar to that of Fig. 5a of a hard disc drive head acniator 
having three stator poles only a central one of which carries a winding and has a reduced 
height where the winding is located, 

15 - Fig. 6b is a sectional view taken along die line A-A of Fig. 6a, 

- Figs. 7a - 7e are time diagrams of speed, position, current, voltage and resistive loss 
respectively for a long step for a voice coil motor, 

- Figs. 8a - 8e are time diagrams of speed, position, current, voltage and resistive loss 
respectively for a short step for a voice coil motor, 

20 - Fig. 9 is a sectional view of an electric rotary actuator having short rotor magnets and 
three thin stator coils that fits into a single piece stator of laminated steel having five stator 
poles two of which thus do not carry any winding, 

- Fig. 10 is a schematic view similar to that of Fig. 9 showing the stator during assembly of 
the three coils, 

25 - Fig. 11a is a circuit diagram of a partly linear control electronic system for an acniator 
according to Fig. 9, 

- Fig. lib is a circuit diagram of another partly linear control electronic system for an 
acniator according to Fig. 9, 

- Fig. 11c is a circuit diagram of a switched control electronic system for a motor according 
30 to Fig. 9. 

- Figs. 12a - 12e are time diagrams of speed, position, current, voltage and resistive loss 
respectively for a long step for the actuator shown in Fig. 9 using conventional electronic 
drive circuits, 

- Figs. 13a - 13e are time diagrams of speed, position, current, voltage and resistive loss 
35 respectively for a high speed, long step for the actuator shown in Fig. 9 using more 

complex electronic drive circuits, 

- Figs. 14a - 14e are time diagrams of speed, position, current, voltage and resistive loss 
respectively for a short step for the actuator shown in Fig. 9 using more complex electronic 
drive circuits. 
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are indicated by the thin contour lines 112 and 113. This geometry reduces cogging torque. 

2. The centre stator pole 104 will always face at least a small part of two rotor magnet 
poles. With the rotor 101 in the central position shown in Fig. i. the total magnetic flux 
through the stator winding 102 will be zero as shown by the drawn flux lines. If the rotor 
101 is turned clockwise, more and more flux will pass the centre leg of the centre and right 
poles 104 and 105 and thereby also through the single coil 102. In the clockwise extreme 
position, there will be no flux through the centre of left pole 103. The centre pole 104 (and 
its winding 102) will therefore obtain twice as much flux change for a given angular 
movement as will be obtained by the left and right poles 103 and 105. 

The angular sector 108 between the two ends of a stator pole part facing the air gap 
(26^) is longer than the sum of the peak to peak movement (2 times item 107 or 18**) of the 
rotor and angular sector 111 (4.8°) from an end of the rotor magnet pole part facing die air 
gap and the nearest end of the adjacent rotor magnet pole part facing the air gap. A 
consequence of this is that the centre stator pole always faces parts of two rotor magnets. 
The doubling of the flux change caused by a rotor displacement therefore occurs over the 
whole movement span of the rotor (in the case of Fig. 1, over the angular movement range 
of 18"). 

As there is no winding around poles 103 and 105, the winding around the central pole 
104 can be made relatively larger. 

By attaching an encoder disc segment, not shown, to the rotor 101, an optical receiver 
106 sensing the position of the segment can give encoded signals from which the position of 
the device can be determined. 

Fig. 2 shows another embodiment of a rotary acmator having five stator poles 201 - 
205 of the same basic shape as in Fig. 1 which all carry windings. The rotor 206 then 
carries four permanent magnets, one less than the number of stator poles, the magnets 
having, as indicated above, alternating magnetization directions, as seen when passing 
peripherally over the rotor. For the rotor 206 being in the position shown, the total flux 
through the stator windings of poles 201 and 205 will be 50% of the maximum value and 
the flux through the three central poles 202 - 204 will be zero as already illustrated for Fig. 
1. If the rotor 101 is turned clockwise, more and more flux will pass the centre leg of the 
right poles 202 - 205 and thereby also through the coils wound around these poles. In the 
clockwise extreme position, there will be no flux through the centre of the left pole 201 and 
100% through the other poles 202 - 205. The centel poles 202 - 204 (and their windings) 
will therefore obtain twice as much flux change (firom 0 to 100%) for a given angular 
movement as will be obtained by the left-most pole 201 (from 50% to 0%) and the right- 
most pole 205 (from 50% to 100%). 

An alternative to the embodiment of Fig. 2 is to only arrange windings around the 
three central poles 202 - 204. This will give a slightly higher copper loss for the same 
torque, but obviously lower winding costs: 
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Table 1 



3 coils 5 coils 

3 5 



j^gg IS t2lIlC C 

Motor constant (kT) 6(=3x2) 8(=l+3x2+L) 
5 Required current 0.166666 0.125 

Cu loss 0.083333 0.078125 

(Coil resistance, torque and kT for the outer poles, the coU resistance and the output torque 
being normalized to l.O in Table I) 

By attaching an encoder disc segment, not shown, to the rotor 206. an optical receiver 
,0 207 sensing the position of the segment can give encoded signals from which the angular 
position of the rotor can be determined. 

By addinc two maenets 208 and 209 to the rotor 206 and placing a suae coil 210 as 
shown with a static back iron, not shown, an analog tachometer signal can be obtamed from 
which also the position of the rotor can be determined. 

In Fig 3 a hard disc drive head acmator is shown. The disc head(s) for 
reading/writing the tracks on the disc(s) are mounted at the.point(s) of the arm(s) 301 which 
can sweep over a 25° sector that covers the active surface of the disc(s) 302. The dBC 
rotates around a central motor 303. The arm is moved by a motor/actuator of Ae basic type 
as discussed above having five stator poles, the three central ones of which (like 306) carry 
,0 windings and the two remaining extremal or outer poles (like 305) are unwound. There are 
thus thiee coils, one of the two cross sections of one coil is denoted by 304. The four 
permanent rotor magnets 308 are mounted on two soft-iron parts like 307 attached to the 
arm at the rotary axis thereof. The two unwound poles like 305 will reduce die stray flux 
from the coils of the wound stator poles. 

in Fi.. 4 another embodimem of a hard disc drive head acmator is shown. The disc 
head arm i moved by a motor/acmator having three stator poles two (405) of which are 
wound widi a coil like 404 having a smaller cross-sectional area. The centre pole 406 is 
wound witii a coil 409 having a larger cross-sectional area. As the flux change m the centre 
pole 406 is approximately twice that of the two other poles 405, it can be advantageous to 
30 have more windine mms in the centre coil 409 than in the coils like 404. In the emb<ximient 
shown in Fig. 4, the cemre 409 coil has a cross-seaional area correspondmg to 1.4 times 
the cross-sectional area of anyone of the side coils like 404. but can advantageously have a 
nmnber of winding mms corresponding to 2.9 times the winding turns of each of the side 
coils. All three coils can be comiected in series to be all energized by the same single-phase 

3s voltage. ^ . , 

The sutor shown consists of five parts, the two side poles like 405, the centre pole 
406 and two back iron parts like 410. This arrangement permits the poles 405 - 406 to be 
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inserted into already wound coils. The five parts are then assembled together. The five pans 
can be made as laminations of punched electric steel, possibly using oriented steels. 

In Figs. 5a, 5b the actuator of Fig. 4 is shown in two projections. The permanent 
magnets 408 and soft magnetic parts like 407. 405, 410 and 406 all have the same height, 
5 the height being measured parallel to the rotational axis; the total height of the actuator is 
given by the coils like 409. " ' 

In Figs. 6a, 6b two projections of another embodiment of a hard disc drive head 
acniator is shown. This embodiment has like the actuator of Figs. 4 - 5b three stator poles 
one of which is wound and has a reduced height at the web portion where die winding is 

10 located. The two outer poles like 602 have the same height as the rotor magnets and the 
back iron 601. The outer parts of the wound pole has also the same height 611 as the rotor 
magnets and back iron 601, so that only the portion inside the coil 609 has a reduced height 
610. The coil 609 is slightly higher than the height 611 of the permanent and soft iron parts 
to permit a direct contact with the top 613 and bottom 612 of the hard disc drive enclosure. 

IS As the flux in the soft iron parts 602 of the stator will flow practically parallel to the 
plane of the upper projection, they can advantageously be made from laminated electric 
steel. The soft iron part 601 of the rotor can be solid. In the two parts 603 and 604, the flux 
moves in three dimensions and these parts can be made of compressed soft iron powder to 
reduce eddy currents. Alternatively, they can be made of laminated steel. Yet another 

20 alternative is to have the thinner part inside the coil made of a laminated FeCo-alloy and the 
outer parts of a soft iron metal powder. 

The arrangement of Fig. 6 permits the use of a larger air gap flux, since it carries 
basically the same flux intensity but has a larger area due to the higher magnets, and a 
winding having a low resistance. 

25 Conventional hard disc drives often use voice coil head actuators. Such actuators have 
a coil similar to the tachometer coil 210 shown in Fig. 2. The coil is rigidly connected to 
the disc head arm. There are two sets of magnets like 208 and 209, one set below and 
another set above the coil 210. The magnets are fixed to the hard disc chassis. The coil is 
therefore thermally insulated from the chassis by air gaps. A voice coil actuator fi-om a 100 

30 x 145 X 23 mm hard disc drive was partly disassembled and measured. The motor constant 
was measured to 0.139 Vs/radian, die voice coil inductance amounted to 3.7 mH and die 
coil resistance to 36.8 Ohms, The inertia of die rotor of die voice coil acniator was 
estimated to 19.0 g-cm^ and the inertia ot die disk head arm was' assumed fo'be 19.5 g-cin-.' 
Figs. 7a - 7e show time diagrams for die prior art disc drive motor described in die 

35 preceding paragraph. The actuator is assumed to.be driven by a voltage of +11 V during 
acceleration and by -11 V during the retardation phase. The movement shown is large: 0.2 
radians are close to half the total movement range of the disk head arm. The vertical scale 
of all Figs. 7a - 7e are normalised to die same peak-io-peak range. Fig. 7a shows the 
angular speed. Fig. 7b shows die angular distance travelled. Fig. 7c shows die actuator coil 
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resistors such as 1 103. 1 W or i oi . of 0 004 radian (approximately 

c ^c 8e show similar diagrams for a short step oi u.uw w v 
Fvgs. 8a - 8e snow 6 actuator described above. 

. 1% of the total movement possible) for the pnor art d«c dnve a ^ 

Hg. 9 Shows a hard disc drive head ^^^^^^ Joi which 

motor/acmator has five stator poles, three ot wmc ona chnwn as cross secdons 

901 and 905 are unwound. Tlius, there are three cck 9^8 sho ^ 

90aa - 908b. T.e four P— ^^^jj/l^^^^ 
,0 ferromagnetic (soft-iron) rotor support 912. The acmator h ^^^.^^ 

peak-to-peak movement range. As each P^-^^^ ^^^^^^^^^ 
14.3'. each of the three centrally located magnets will for any P 

face parts of two rotor magnets. motor/acmator can be occupied by the 

AS the coils are thin, most of the height of the mo^r/ac ^ .^^quently a 

,s laminated stator, thus permitting a relatively high rotor a - 

lower disc 

larae torque constant. The coils can be lightly pressed between *e PP^ 
dri;e enLment. not shown, and the sUtor lammation, thus permittmg 

^ ..^ COU .»»r. Tl-e " ,^en ^"S/ fj. of voice co» 

„ ,„ice coU acm,.or) and the resBUnce 3.66 Ohm- ''^ 27 g.c„2. 

ac™=»r. The ro.o, ihe-i. is — larger ^^^^ „ arive an 

to Fig. Ua a diagram of ar. exaaple of an c^ajmc c» 

acLrd^ » P.- - r:rrr::::»: . 

are rep»»se«ed by a» smgle * J° ^ ^ oo«rolling die curreK to 

„ 00,^, .ennina, of a iin^r '"^ ^'^'^^ '^^^ ,he corr».. «her. 
die cod for posiuoning die ro<or of dK acmawr m u03 and a firsl swiich 

second end of d>e combtoed acn»u, cod « dm»gh » " , 
U»5 co»««d a posidve ^fj^'f^J^X l^'p-n«a,. The .atoe e«.of d» 
resistor 1104 and a second swttch 105 -""^^^ » - u07 ^dnected- dte positive snpply 
„ combtoed actuator coil is further d^ougb The ddrd and 

voltage and dtrough a fount, swttch 1108 '"""^ ™ ^ ,™ctivelv. The fits, end 
swishes .re comtected to parallel wid, dK*s 1109. UO re^=' ^ 

of *e c»nbi.«d ac^».r.coi. " ^ ^-."^J, „^-.otmects the lit. 
. potemial through diodes 1111. 1112 respecuveiy. a f 
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carrying the supply voltage with the ground potential. The first and second switches 
1105, 1106 can be called the high resistance switch set and the third and fourth switches 
1107, 1108 together with their diodes 1109, 1110 connected in parallel a low resistance 
switch set. 

5 As the resistance of the acniator can be far lower than that of a . voice coil motor the 
time constant is much longer. When the elements 1107 - 1110 are deactivated and one or 
both of the two switches 1105 and 1106 are activated, the two resistors 1103 and/or 1104 
will be connected in series with the motor coil 1101. Thereby the total resistance can be 
increased to give a time constant similar to that of a voice coil motor, which simplifies 
10 control of the current to be delivered to the coil in the final phase of positioning the rotor of 
the actuator. 

For the earlier stages of a movement a high motor resistance is only a disadvantage. 
During those phases, one of the switches 1107 or 1108 can be enabled. For example^ a 
movement can be initiated by setting the linear amplifier output to +11.3 V and enabling 

IS switch 1108, thus giving some 11 V over the combined actuator coil 1101. The diodes 1111 
and 1112 permit a slow decay of the current through the actuator if the linear amplifier 1102 
is set to have a high impedance output stage; current driven by the actuator coil inductance 
can then pass for example the switch 1108 and the diode 1112, thus meeting a low voltage. 
An example of the operation is given in Fig. 13 which will be discussed below. 

20 Fig. lib shows a diagram of another example of a s^yitched electronic circuit suitable 
to drive an actuator of the kind illustrated in Fig. 9 using a higher voltage for the low 
resistance switch set. The higher voltage is generated by elements 1125 and 1126 which can 
be inductively or capacitively switched voltage multipliers. The first resistor 1104 and the 
first switch 1105 are here also connected in series with a diode 1127 and the second resistor 

25 1104 and the second switch 1106 in series with a diode 1128. The special elements 1125, 
1126 have first terminals connected to the supply voltage line and the ground potential line 
respectively. Their opposite, second terminals then have voltages being somewhat more 
positive or somewhat more negative than the supply voltage and the ground potential 
respectively. To these second terminals are the third and fourth switches 1107, 1108 and 

30 their associated diodes 1109, 1110 connected. The second terminals are also connected to 
the respective supply and ground lines through capacitors 1123, 1124. An example of the 
operation of the circuit of Fig. lib will be given in conjunction with Figs. 14a - 14e as 

discussed below. 

A -large portion of the energy supplied to the acniator during acceleration will 

35 automatically be returned to the capacitors 1123 - 1124 during retardation, and the elements 
1125 and 1126 must only supply the net loss. Thus, according to the simulation illustrated 
by the diagrams of Figs. 14a - 14e, 0.188 mC is taken from the capacitor 1124 and/or the 
supply 1126 during the acceleration phase (the first 180 /is). During the period from 580 to 
750 /IS, 0.164 mC is remmed to the capacitor 1124. The net charge required is therefore 
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0-003 mC. . .^^jnoie of a switched electronic system suitable 

Fig. lie Shows a diagram "^^ ^ ^ , converUional H-bridge 

to drive an acmator of the type showtt m Fig _ ^^^^^^^^ 
. which has been modified by addmg a ^^-^^^[^on are here replaced by a single 
circuit diagram of Fig. Ua, the ^I'Zecon^ of the coil UOi: The other 

.esistor 1121. which is thus at one end ^^^^J^^^ , ,,,,^on of a switch 1U7 

connected in parallel with switches l^^, IU4. ^^^^ ^^^^ ^. „ ,^bled. 

Por the earlier parts of ^J^^^^^^^^ ^^.^^ ui3 and 1108, thus giving 

For example, a movement can be ^^'^""l^ nOL 
„ almost the full supply voltage over the -^^^^"^^ can be increased by 

At the end of a movement, the tmie ^o^^ /> ,oil and 

disabling the switches 1107, 11^ comi«.^d ^^^y ^^^^ ^ „sistor 1121. 

enabling the switches UH. ms --^^^^^^^^^^^ ,,,,, ^y the acmator coil current 
Assuming that the current is low enough ^ ^ (j^ other cases one 

. passing the resistor U21 will be withm the supply voltage 

of the diodes 1109, 1110 will let current pass). TT,e 
Figs, lla - Uc only show examples * 3,,,, can be used. Hie 

switches Shown have bipolar transistor ^y^'^^^^^T^s M^ - discrete resistors and 
extra resistance used to reduce acmator -^^J^^^^^^ 3,,, j^^ear MOSFETs can 
« switches; alternatively devices having a controlled resisun 

be used. . . ,;k.. acmator of Fig. 9 for the same step as that 

Figs. 12a - 12e show time digrams for ^e " . ^ actuator is run 

used for a voice coil acmator ^^i^g correspond to that of Fig. 

with a constant resistance. A poss^e dnving circuu ^ ^ ^ .^^^ 

30 Ua with the components 1103 - 1106 removed. ^^^^^ *e ^ 

voltage Shown in Fig. I2d is positive. ^^^^ ^J^^^^^r value. As can be seen, 
voltage is reversed and in the final phase it is ^^^^^ ^ 

, ^e acmator current, shown in Fig. 12c. the sp-^^^^^^ as the speed 

same time, m time constams for the ^P-^^^ J^J^^ , ,j,e to the end of the 
3s is adjusted by the current, any servo adjus^ent^ the^^pe ^^^^^ 
movement would require a change m the c«reitt^ ^^^^^ ^^^^ ^.^^^^^^^ ^^^^ 

easily be set to zero at the right position. ^J^2r away from its required position, 
zero, the resulting torque would rapidly m^ the - - ^ ^.^^ ^^^^ ^„ 

However, it can be observed that the step is done m 4.3. ms . 



wo 00/44084 



PCT/SEOO/00138 



13 

voice coil actuator. 

Figs. I3a - 13e show time diagrams for the actuator of Fig. 9 for the same step as that 
used for a voice coil acmator having the time diagrams of Figs. 7a - 7e. The diagrams 
illustrate the step time reduction which can be obtained using the actuator of Fig. 9 driven 
B by the circuit shown in Fig. 11a. The actuator is in this case run with an added resistance 
during the final positioning phase. During the first 1.5 ms the driving voltage shown in Fig. 
13d is positive, for example by having the linear power amplifier staning at +11.3 V and 
having the switch 1108 enabled. During the following phase (some 0.4 ms) the current is 
driven by the energy in the actuator inductance and passes the switch 1108 and the diode 

10 1112. The actuator is accelerating even though no energy is supplied from the supply. This 
shows one of the advantages of providing a low resistance acmator coil. When the coil 
energy is exhausted, the system continues without any actuator current. Thereafter, the 
driving voltage is reversed and a negative current is increasing. The energy stored in this 
way is then used with another phase of low driving voltage, switch 1107 and diode 1111. 

IS During the final phase, an extra resistance is connected by enabling switches 1105 and 1106 
and disabling the two switches 1107 and 1108. As can be seen, the acmator current and the 
speed reach zero at the same time. The time constant of the current is in this case much 
shorter. In the final phase, the time constant of the actuator is similar to that of the prior art 
voice coil motor, and should also permit the same ease of control as prior art voice coil 

20 motors. The driving voltage from the amplifier is only 0.5 V. This is arranged as a linear 
amplifier output of 6.5 V at the left end of the combined coil 1101 and 6.0 V in series with 
the parallel value of resistors 1103 and 1104 in the other end. It can be observed that the 
step is done in 4.5 ms against 9.0 ms for the prior art voice coil motor, that is half the time 
required for the prior art motor, whereas the total resistive losses are almost the same: 

25 3:2 mJ for the step shown in the diagrams of Figs. 13a - 13e and 3.3 mJ for the voice coil 
motor step shown in the diagram of Figs. 8a - 8e. 

Figs, 14a - 14e show time diagrams for the actuator of Fig. 9 for the same short step 
as that used for a voice coil actuator as illustrated by the diagrams of Figs. 8a - 8e, see the 
discussion of Fig. 1 lb. 

30 The actuator as depicted in Fig. 9 has been laid out rather randomly, and its winding 
has been selected to have die same motor constant as that of a randomly selected prior art 
voice coil acmator. Depending on the driving policy used, it permits a significant reduction 
of step time or of power consumption.. By adjusting the actuator design parameters to the 
required properties of the acmator system, the improvement in the most critical parameter 

35 can probably be far larger than what has been shown above. 

Fig. 15 shows a section through an actuator similar to that of Fig. 9 having 
non-cylindrical pole surfaces to reduce cogging torque. The surface 1501 of an outermost 
stator pole 905 (and 901) is non-cylindrical. The thin dotted line 1502 represents a 
cylindrical pole surface having the same radius as that of the adjacent, more centrally 
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located pole 904 Thus, only the outermost portion, as seen in the peripheral direction of 
r^rfS a^e air.ap has to be modified and this portion can be located a httle ndtaUy 
l^L Udricai sLtace extending throu.^ the surfaces ^ 
noles and throueh the rest of the considered outermost stator pole. The air gap between the 
. o«t and the rotor magnet 910 will thereby different for different posmons of 

™ mlpe will create a cogging torque that for a suitable shape of the surface 
lil "usance the cogging torque generated by the remaining system By l.vmg 
fitly different shape of the surface 1501 on pole 905 and the corresponding surface o,^ 
pT^l Tof Fig. 9. a small, fairly constant torque can be obtained that m a no currem 
,0 ^^w 1 overcome the friction and force the rotor to an end position resultmg m 
Zmatic parldng of the disc drive head. This can be completeC ^^^^^^^^^^ 
parkina end posUion permitting a torque close to thts posmon sufficient to ^eep " 
dri^head in the home position even in case of moderate shocks, for example dunng 
Z^f principle has been verified by simulations. Some 10 man-hours o wor g ve 
. rX with a m Jmum cogging torque of some 0.5% of the acmator peak torque, and 
substantial improvements are likely if more work is mvested. 

Fig 15 also shows magnets having a rectangular cross-section; it is oftenless 
expemWe to produce such magnets than magnets having one side shaped as a circle segment 
afl'wn in me other figures. TTie rectangular shape gives a slightly lower torque 
. How^Ir! I Ingement^o reduce cogging torque is applicable also for other magnet 

'Tn Fig. 16 an actuator is shown which has the magnet poles integrated in a single 

" acniators of Figs. 3. 4 and 9 permit the lower pan of ~ 
. coils to be in direct contact with the hard disc chassis. The upper part of the coils can be m 
contact with the hard disc outside case. As the chassis and the c.e o^n . made 
of alummium, this permits a very low thermal resistance to the air outside the hard d^sc 
ir^s permits hi^r thermal loads for the coUs than what can be accepted for the 
Tr^aS nsLed coil of a voice coil actuator. ..e torque available for a gi^n^cop^r I. 
30 I also significantly higher than for conventional voice coil acmators. Combmed. this 
nermits sienificantlv faster head accelerations. 

■^^ ^ described above an, campac, and bav. a high »«p». P-"""™ 
panicuL as eompa^d «. c<mv.»ional v<«e coil ac»a».s. Even diough ftc embodm,em 
Z^n. 9 L coiis bavin, a ve„ dii. secdon and has ,he sa„e ^ 
. ^sam. ni^or consun, as a co„ven,ionai voice coU ■n„or, d» ^sisiance '^^'^ 
of .ha, Of d,e voice coi, mo<o. Tl,is permi. n,o,e *a. d«e iimes ^Z^. 
coooer loss The hard disc head acnrators illosnaied in F.gs. 3, 4 and 9 pemrt d>= W 
Xr^an 0, Uie ac»a«r coi. ,0 in direa co«c, wiib '^^J^ 
bard disc chassis. This permits a ver, lo» d,=m»l resis^nce u, the ambren. a,r. n» 
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permits higher thermal loads for the coils than what can be accepted for the thermally 
insulated coil of a voice coil acmator. Embodiments having a much larger coil cross section 
such as shown in Fig. 6 permit much higher torques for a given copper, loss. 

The actuators described above also have a high flux density in the air gap. Assuming 
that all other factors are equal, a higher air gap flux increases efficiency. As can be seen for 
example in Fig. 2, the flux will pass only a thin air gap; the remaining flux path consists of 
soft iron or permanent magnets. 

Furthermore, actuators described above combine a thin air gap with a very low 
cogging torque. This is primarily obtained by the inherently magnetically balanced design 
and is further improved by the compensation arrangement described with reference to Fig. 
15. 

Also, the actuators described above have both a low inductance and a high motor 
constant thus permitting a fast response. The improvement oyer a voice coil motor is small 
at very small currents and increases with current. This results from the fact that much of the 
excitation voltage is lost in the resistive voltage over the high resistance of a voice coil 
motor. 

The acmator systems as described above have both a low resistance giving low losses 
and a short time constant permitting a fast response, this being achieved when driving the 
actuators by the circuits depicted in Figs. 11a - lie. 

As is obvious for those skilled in the art, the invention can be modified in many ways. 
The number of poles can be increased. This will however increase the complexity and (for a 
given volume) reduce the air gap radius and die copper area of the coils. The rotor magnets 
can alternatively be placed on the periphery with the stator coils close to the centre. 
However, this will increase inertia. 

While specific embodiments of the invention have been illustrated and described 
herein, it is realized that numerous additional advantages, modifications and changes will 
readily occur to those skilled in die art. Therefore, the invention in its broader aspects is not 
limited to the specific details, representative devices and illustrated examples shown and de- 
scribed herein. Accordingly, various modifications may be made widiout departing from the 
spirit or scope of the general inventive concept as defined by the appended claims and their 
equivalents. It is therefore to be understood that the appended claims are intended to cover 
all such modifications and changes as fall within a true spirit and scope of the invention. 



pCT/SEOO/00138 

WO .00/44084 

16 

^^^be controlled by a single voltage and 
An electromagnetic rotary actuator o ^ a stator 

cotnprising a rotor ntovab. about an U surfaces of the 

carrying at least one wmdmg and an ^ have flux Imes 

. n^agnets and of the stator, the ^^'^^^Zl^frL or towards the axis, charac 
ext nding in the airgap substannally m ^ ^"^^''^^ , magnetically permeable 

terized in that the stator have at least ^^f^^^^^-^r^n, being applied around a 
ntaterial, in particular a -^-'-"ft'tle^eit^^^^^ end surfaces forming the facing 
central one of the pole teeth and the p^ e -^J^^^^^ ..^r the airgap. 

a ctmol pole too*. 3. ctaracterted In that 

'■ ^ ^"r^rUr^et. l« are cet^U, 

» actoaior comjrises five pole teeth. ll» i« V 

imwomd. „ .,„. „ „f claims 1 - L characterfeed 

5. An el«:t»tug.«ic rotat, ao,«. ^„ wiOtlB 

:r =r::ti:^:.rt:i:r.te tL « ^ 

an angle, taken from me axis. 

Within a. an*. ^^^^ „ at^ of cUitna 1 - 6. ch-acttrized 

^ 7 An electromagnetic roiary ctctu^ 

in that'the rotor and stator poles have the same an^lar Pt^^- ^ ^ characterized 

S. An electromagnetic ^o^^^J^^'Z — ends of the pole teeth 
i„ that an angular sector -^"^"^^^f ° p^ 

„ :rr::rtrrx:rnr:o«L..e«.o,.t»ot..to. 
--^^reT^:. t«., — --"--rrr^^ 
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rotor and an the angular sector extending between the two outermost ends of the rotor 
magnet or magnets facing the air gap. 

10. An electromagnetic rotary actuator according lo any of claims 1 - 9, characterized 
in that an angular sector extending between the two ends of a stator pole tooth facing the air 

5 gap is longer than the sum of the peak to peak movement of the rotor and an angular sector 
extending between an end of a rotor magnet part facing the air gap and the nearest end of an 
adjacent rotor magnet facing the air gap. 

11. An electromagnetic rotary actuator according to any of claims 1 - 10, character- 
ized in that the normally cylindrical surface angular sector of at least one stator pole part 

10 facing the air gap to the rotor magnet pole parts have an adjusted shape to reduce the 
cogging torque of the actuator. 

12. An electromagnetic rotary actuator according to claun 12, characterized in that 
the two outmost stator pole air gap surfaces have an adjusted shape to reduce the cogging 
torque of the actuator. 

15 13. An electromagnetic rotary actuator according to any of claims 1 - 12, character- 
ized in that each of the stator poles carrying winding coils has a reduced height in the axial 
direction at places of the stator pole where the winding is located, thereby permitting a 
portion of the stator pole located at die airgap and at a radially inner surface of the stator 
pole to be longer in die axial direction Uian a portion of stator pole located inside die stator 

20 pole winding. 

14. An electromagnetic rotary acniator according to any of claims 1 - 13, character- 
ized by an electronic driver circuit connected to die at least one winding and comprising 
resistance changing means to increase a resistance in series widi the actuator winding when 
a longer electric time constant is advantageous or required and to reduce die resistance in 

25 series widi the acniator winding when a short electric time constant is advantageous or 
required. 

15. An electromagnetic rotary machine having a rotor rotatable about a routional axis 
and a stator comprising magnetically permeable stator poles carrying winding coils, each of 
die winding coils being assembled around a single one of the stator teedi, a cylindrical or 

30 part-cylindrical airgap being located between a radially outer surface of die rotor and 
radially inner surfaces of the stator poles, characterized in diat each of die stator poles 
carrying winding coils has a reduced height in die axial direction at places of the stator pole 
where the windmg is located, diereby permittmga portion of die stator pole located at the 
airgap and" at the radially inner surface of die stator pole to be longer in the axial direction 

35 dian a portion of stator pole located inside the stator pole winding. 

16. An electronic circuit for driving a single phase rotary actuator, particularly an 
actuator having a long electric time constant, the electronic circuit being connected to a 
winding or windings of the acmator, characterized by resistance changing means to 
increase a resistance in series with die actuator winding when a longer electric time constant 
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• H d to reduce Tresistance in series With the actuator Winding 
is advantageous or required and to ^.ed. 

When a short electric time constant -f^^^^ characterized in that the restsunce 
17. An electronic circuit according to claim ^ 

windine and a second bndge leg com 

actuator coil. ^. ^ 17 characterized in diat the resistance 

changing means comprise mean, 
controllable resistance, in particular a MOSFET. 
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dist = 0.004 rad t = 1 .34 ms Loss = 0.33 mj 
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Fig 10 902 
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0.25 ' 0.5 0.75 ms 



dist = 0.004 rad t = 0.89ms Loss = 0.31 mJ 
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Fig 16 

SUBSnniTE SHEET (RULE 26) 



